There is evidence that food consistency may in¯uence postprandial physiological responses. Recently we found that homogenization of a vegetable-rich meal signi®cantly delayed the gastric emptying rate and was more satiating than the same meal in solid±liquid form. In this present study we investigated whether homogenization also in¯uences endocrine and metabolic responses to the meal. Eight healthy men, aged 21±28 (mean 24×5) years, were given the meal (cooked vegetables 250 g, cheese 35 g, croutons 50 g and olive oil 25 g, with water 300 ml; total energy 2×6 MJ) in both solid±liquid (SM) and homogenized (HM) form, in random order, at 1-week intervals. Variables assayed were plasma glucose, insulin and glucose-dependent insulinotropic peptide (GIP) levels for 2 h and diet-induced thermogenesis (DIT) for 5 h. Plasma glucose pattern was similar after both meals. However, HM induced signi®cantly greater insulin, GIP and DIT responses than SM. Mean integrated areas under the curves (AUC) were 1×7 (SEM 0×38) v. 1×2 (SEM 0×33) U/l per 120 min (P = 0×005) for insulin, 19×9 (SEM 2×44) v. 16 (SEM 1×92) nmol/l per 120 min (P = 0×042) for GIP, and 237×7 (SEM 16×32) v. 126×4 (SEM 23×48) kJ/300 min (P = 0×0029) for DIT respectively. Differences between GIP-AUC after HM and SM correlated signi®cantly with differences between insulin-AUC after HM and SM (r 2 0×62, P = 0×021). These ®ndings demonstrate that homogenization of a meal results in a coordinated series of changes of physiological gastroentero±pancreatic functions and con®rm that the physical state of the meal plays an important role in modulating endocrine and metabolic responses to food.
Physical and chemical properties of foods modulate the absorption and metabolism of nutrients by in¯uencing both the gastric emptying rate and the release of gut hormones and neurotransmitters (Schirra et al. 1996) . Thus, in nondiabetic subjects, glycaemic and insulinaemic responses to meals depend not only on the quantity of carbohydrate consumed but also on its source (Wolever & Bolognesi, 1996) , and are modi®ed by the concomitant presence of other macronutrients (Joannic et al. 1997) . Indeed, several studies have shown that the association of protein, fat or ®bre with carbohydrate can reduce the postprandial glucose response (Estrich et al. 1967; Collier et al. 1984; Gulliford et al. 1989; Torsdottir et al. 1989) . Moreover, manipulations of starch, including cooking, cooling, changes in its viscosity and osmolality, and chemical modi®cations, can in¯uence its glycaemic and/or insulinaemic index, and starch usually contributes over 50 % of all carbohydrate in a mixed meal (Wu Èrsch, 1989; Bjo Èrck, 1996; Raben et al. 1997) .
Insulin plays a key role in the control of energy balance by promoting storage of ingested nutrients. However, there is some evidence that insulin may act at the level of the central nervous system, inhibiting food intake and stimulating thermogenesis (Rothwell, 1992) . In addition, Landsberg & Young (1983) postulated that a meal resulting in relatively high postprandial insulin response may increase the facultative part of diet-induced thermogenesis (DIT) via stimulation of the sympathetic nervous system. Holt et al. (1996) reported that foods producing a higher postprandial insulin response were associated with less subsequent food intake and thus indirectly with greater satiety.
We recently found that homogenization of a fat-rich and vegetable-rich meal signi®cantly delayed the gastric emptying rate in healthy subjects and that such a meal was signi®cantly more satiating than the same meal given in a conventional solid±liquid form (Santangelo et al. 1998) . The reasons for these differences are still unclear. Therefore, in this present paper we investigated whether plasma glucose, insulin and glucose-dependent insulinotropic peptide (GIP) responses to the vegetable-rich meal and DIT are in¯uenced by homogenization of the meal.
Materials and methods

Subjects
Eight healthy men, aged 21±28 (mean 24×5) years, were recruited for this study which was approved by the local ethics committee. All subjects were within 10 % of ideal body weight, with a BMI of 21±25 (mean 22×8) kg/m 2 . None of them was a smoker, was taking medication, had a family history of diabetes mellitus, suffered from gastrointestinal symptoms or any systemic disease including diabetes mellitus.
All the subjects underwent a complete endocrine evaluation, with a concomitant energy expenditure assessment in six cases.
Procedures
The test meal consisted of (g): cooked vegetables 250, cheese 35, croutons 50 and olive oil 25 (2×6 MJ (60 % energy as fat, 27 % energy as carbohydrate, 13 % energy as protein), 8 g ®bre (16 % soluble, 84 % insoluble)) (Santangelo et al. 1998) , given either in solid form (SM), with 300 ml of water to drink during the consumption, or homogenized with the addition of the same amount of water (HM).
Subjects were studied twice, at an interval of at least 1 week, with SM and HM given in randomized order. They were instructed to abstain from physical exercise the day before each test and to fast from 22.00 hours the evening before. On the study day the subjects came to the laboratory between 08.30 and 09.30 hours. During the ®rst 15 min after arrival they rested quietly in the supine position, and a retrograde venous cannula was inserted into the left hand for blood sampling and kept patent by slow saline (9 g NaCl/l) infusion. The BMR was recorded for 30 min. The test meal was then served (time 0) and eaten in 15 min. Postprandial energy expenditure was measured continually for 5 h with three 20 min breaks. Subjects were instructed to remain awake and immobile during the measurement and were allowed to listen to music. During breaks, they could stand up and move in the laboratory or, if necessary, go to the bathroom. Blood samples were collected in ice-chilled polypropylene tubes containing EDTA (1 mg/ml) and aprotinin (500 kIU/ml) at the following times: -30, 0, 15, 30, 45, 60, 90 and 120 min. Plasma was separated immediately by centrifugation at 3000 g at 48 and stored in portions at -808 until assayed.
Assays
Plasma insulin and GIP levels were measured by radioimmunoassay using commercially available kits (Insulin, Biodata SpA, Guidonia Montecelio, Rome, Italy; Gastric inhibitory peptide, Peninsula Laboratories Inc, Belmont, CA, USA). Before being assayed for GIP, plasma was extracted on Sep Pak C 18 cartridges (Waters Corporation, Milford, MA, USA) (Peracchi et al. 1999) . The 95 % con®dence detection limits were 0×2 mU/tube for insulin and 3 pg/tube for GIP, and the intra-and interassay CV were 4×5 % and 5×7 %, and 6×8 % and 9×9 % respectively. Plasma glucose levels were determined by means of a glucose autoanalyser with a hexokinase method (Beckman, Milan, Italy).
Energy expenditure was measured by indirect calorimetry using an open-circuit ventilated-hood system (Deltatrac II, Datex Instrumentarium Corp., Helsinki, Finland). O 2 consumption (V O 2 (l/min)) and CO 2 production (V CO 2 (l/min)) were printed out every min, and the mean values for the 30 min pre-meal measurement period and every 30 min period after the meal were calculated automatically. At each time point energy expenditure was obtained according to the standard abbreviated Weir (1949) equation. DIT was calculated as the postprandial increase in energy expenditure above the pre-meal values. The within-person day-today CV of pre-meal energy expenditure was 6×1 %.
Statistical analysis
Results were given as means with their standard errors. Postprandial data were computed at each time point by subtracting basal values, and the integrated areas under these curves (AUC) were calculated using the trapezoidal rule. Data were evaluated by a repeated-measures analysis of covariance with time as covariate and type of food (SM or HM) as dependent variable; means were compared using the least signi®cant difference test. Student's paired t test was employed to evaluate the difference in AUC values, basal values and peak times. Relationships between variables were assessed by linear regression analysis. P , 0×05 was considered statistically signi®cant. The computer program STATISTICA for Windows (StatSoft Inc., Tulsa, OK, USA) was used for the analysis.
Results
Fasting plasma levels of glucose (4×6 (
) pmol/l) and basal energy expenditure (5×7 (SEM 0×19) v. 5×5 (SEM 0×16) kJ/min) were not signi®cantly different on the two test days.
Postprandial time courses of plasma glucose, insulin and GIP concentrations and their integrated AUC are shown in Fig. 1 . There were no signi®cant differences in plasma glucose increments after the SM and HM, although peak times were slightly delayed after the HM (28 (SEM 3×4) v. 24 (SEM 3×9) min, NS). Plasma insulin and GIP responses were signi®cantly higher after the HM compared with the SM, both when the data were expressed as variation over time (F (1,54) 7×183, P = 0×0097 and F (1,54) 13×466, P = 0×0006 respectively) and as AUC (t 4×053, P = 0×005 and t 2×479, P = 0×042 respectively).
After the HM, insulin peak levels occurred signi®cantly later than after the SM (41 (SEM 4×7) v. 28 (SEM 3×4) min, t 2×497, P = 0×041) whereas with both meals GIP levels peaked at 30±60 min and thereafter remained elevated throughout the study period. With both meals, insulin and glucose peak times correlated signi®cantly (y = 7×295 + 0×546x, r 2 0×488, P = 0×003) but GIP peak times did not correlate with those of insulin or glucose. However, as shown in Fig. 2 , differences between GIP-AUC after the HM and SM correlated signi®cantly with differences between insulin-AUC after the HM and SM (y = 0×284 + 0×067x, r 2 0×618, P = 0×021). DIT after the HM was signi®cantly higher than after the SM (Fig. 3) , both when the data were expressed as variation over time (F (1,58) 87×351, P , 0×0001) and as AUC (t 5×394, P = 0×0029). Considering only the ®rst 120 min of recording, 625 Meal consistency and metabolic responses , and glucose-dependent insulinotropic peptide (GIP) ((E), (F)) after the solid±liquid (SM; W) and the homogenized meal (HM; X) in eight healthy men. Results are given as variation from baseline at different time points ((A), (C), (E)) and as integrated areas under the curves (AUC) ((B), (D), (F)). Values are means with their standard errors represented by vertical bars. For (C) and (E), mean values after SM were signi®cantly different from those after HM: P = 0×0097, P = 0×0006 respectively (analysis of covariance); for (D) and (F) mean values for SM were signi®cantly different from those after HM: P = 0×005, P = 0×042 respectively (Student's paired t test). For details of meals and procedures see p. 624. the difference was highly signi®cant (F (1,22) 76×494, P , 0×0001). Over this 2 h period mean energy expenditure increase above the basal values was 17 % (0×92 (SEM 0×16) kJ/min) after the HM and 9 % (0×48 (SEM 0×18) kJ/ min) after the SM.
Discussion
In this present study insulin and GIP release and DIT were higher after the HM compared with the SM whereas the plasma glucose pattern was similar in the two tests. The positive correlation (r 0×79) observed between differences in GIP-AUC and insulin-AUC after the two meals underlines the importance of GIP in determining postprandial insulin release. GIP's role as an incretin is well known and depends on a suf®cient postprandial increase of circulating glucose levels (Andersen et al. 1978) . The role of other incretin hormones, mainly glucagon-like peptide 1 (7±36) amide is still being investigated (Fehmann et al. 1995; érskov et al. 1996; Schirra et al. 1996) and there is evidence that the glycaemic and insulinaemic responses to meals ultimately depend on the integrated interaction of glucose delivery to 626 M. Peracchi et al. Fig. 2 . Correlation between differences in glucose-dependent insulinotropic peptide (GIP) areas under the curve (AUC) after the homogenized (HM) and the solid±liquid meal (SM) and differences in insulin AUC after HM and SM (y = 0×284 + 0×067x, SE of estimate 0×255; r 2 0×618, P = 0×021) in eight healthy men. For details of meals and procedures see p. 624. the duodenum, and GIP and glucagon-like peptide 1 (7±36) amide release (Schirra et al. 1996) . In the presence of similar glycaemic responses the extent of GIP secretion is usually related to the total energy intake (Beck et al. 1984) . However, in this present study we used two isoenergetic, isovolumetric meals which differed only in physical state (HM v. SM). The meal included 250 g cooked vegetables, which are a good source of dietary ®bre. As evidence exists that ®bre can modulate the GIP response to a standard meal (Morgan et al. 1990 ), we may suppose that homogenization of the meal in¯uenced its physical and physiological properties by disrupting the structure of vegetables and ®bre (Anderson & Chen, 1979; Holt & Miller, 1994; Gustafsson et al. 1995) . Interestingly, in line with our previous ®ndings indicating that homogenization delays the gastric emptying time (Santangelo et al. 1998) , in this present study glucose and insulin levels peaked later after the HM than after the SM whereas GIP levels peaked 30±60 min after both the HM and SM. This observation is consistent with previous studies showing that GIP release is not directly related to gastric emptying but is governed by intestinal glucose and fat absorption (Fehmann et al. 1995; Schirra et al. 1996) . In addition, the half-life of GIP in the circulation is remarkably long, approximately 20 min (Sarson et al. 1982) , and this could well account for the ®nding that in our subjects GIP levels remained elevated throughout the study period.
On the other hand, it has already been suggested (Fried et al. 1991 ) that in healthy subjects gastric meal-emptying correlates closely with insulin release. Our results seem to con®rm these ®ndings as our HM, which was emptied more slowly than the SM, induced an initially slower postprandial secretion of insulin, which then increased over SM values. Even though we did not measure the early insulin response to the meals, the pattern of insulin release after the HM could suggest a loss of the cephalic phase of postprandial insulin response with a subsequent compensatory hyperinsulinaemia during the digestive phase (Calles-Escandon & Robbins, 1987) . The cephalic phase of insulin release occurs before the nutrient absorption and the rise in arterial glucose levels, and is initiated by sensory stimulation produced by the sight, smell, taste and texture of food (LeBlanc et al. 1991 (LeBlanc et al. , 1996 Teff et al. 1991) . However, there were no differences in the palatability and acceptability scores of HM and SM (Santangelo et al. 1998) , even though the texture of the meals was clearly different. On the other hand, the loss of cephalic phase of insulin release is usually associated with blunted DIT (Calles-Escandon & Robbins, 1987) , whereas our results show that the HM caused a higher DIT than the SM. This event could be related to the different pattern of insulin release after the two meals, as insulin is known to participate in the control of facultative DIT component (Landsberg & Young, 1983) . However, we cannot exclude a role for an activation of the sympathetic nervous system and catecholamine release by the different meal textures (LeBlanc et al. 1991) .
In addition, Habas & Macdonald (1998) , in their study of isoenergetic high-carbohydrate mixed-nutrient liquid and solid test meals, concluded that the physical form of a test meal affects the physiological responses to nutrient ingestion. However, they found that postprandial energy expenditure (measured for 2 h after the meals), blood glucose and serum insulin concentrations were signi®cantly higher after the solid meal. The discrepancy with our present results could depend on the completely different food composition of the two meals used by them (liquid meal: semi-skimmed milk, glucose polymer, a powdered protein and double cream; solid meal: cereal, semi-skimmed milk, toasted white bread, jam, butter and white sugar) and, furthermore, on the absence of food rich in ®bre in the liquid meal.
Finally, as we have previously found that the vegetablerich meal was signi®cantly more satiating when homogenized, and homogenization increases GIP release, it is interesting that some lines of evidence suggest that GIP and other incretin hormones could modulate appetite control in animals and humans (Flatt et al. 1984; Raben et al. 1996; Lavin et al. 1998; Na Èslund et al. 1998) .
In conclusion, the present ®ndings con®rm that the physical state of the meal has an important role in metabolic responses to food.
